Modeling the submillimeter to centimeter emission of stars is challenging due to a lack of sensitive observations at these long wavelengths. We launched an ongoing campaign to obtain new observations entitled Measuring the Emission of Stellar Atmospheres at Submillimeter/millimeter wavelengths (MESAS). Here we present ALMA, GBT, and VLA observations of Sirius A, the closest main-sequence A-type star, that span from 1.4 to 9.0 millimeters. These observations complement our previous millimeter data on Sirius A and are entirely consistent with the PHOENIX stellar atmosphere models constructed to explain them. We note that accurate models of long wavelength emission from stars are essential not only to understand fundamental stellar processes, but also to determine the presence of dusty debris in spatially unresolved observations of circumstellar disks.
INTRODUCTION
The submillimeter to centimeter (submm-cm) emission of stars is largely unconstrained for spectral types different from the Sun (see, e.g., Liseau et al. 2015 , for other G-type stars). Due to the presence of a corona, the Sun can have a brightness temperature (T B ) that dips below the optical photosphere T B in the far-infrared.
It then becomes much hotter and difficult to model at mm-cm wavelengths (e.g., Loukitcheva et al. 2004; Wang 2011; Wedemeyer-Böhm & Wöger 2007; De la Luz et al. 2014) . A Solar spectrum may well represent that of a typical G-type star, but cannot be used for all spectral types due to differences from stellar magnetic fields, surface convection, and atmospheric structure. Nevertheless, due to the lack of observations of different spectral types, the Sun can still serve as an illustrative example of long wavelength stellar emission of similar stars. In order to test atmospheric structure models and their
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applicability to, e.g., search for excess emission from circumstellar debris, observations of a broad range of spectral types is required.
Asteroids and comets are the leftovers of the planet formation process. As these objects dynamically evolve, they can serve as a new source of µm to cm sized debris that would have otherwise been cleared out of the disk (for a general overview of debris disks, see Hughes et al. 2018) . The presence of this circumstellar debris is commonly inferred through a pronounced excess over the expected stellar emission. Debris disks can be difficult to spatially separate from the host star for all but the closest stellar neighbors. The common approach of extrapolating the brightness temperature observed at ∼ µm wavelengths to millimeter wavelengths may under or over predict the flux contribution of the star. As debris disks are most commonly found around A-type stars (Su et al. 2006; Thureau et al. 2014) , assuming a Solar like spectrum will typically not be accurate either. Therefore a poor characterization of the host star's submm-cm flux can non-trivially affect measurements of the occurrence and abundance of circumstellar debris.
Sirius A is a 225 -250 Myr A1Vm star (Adelman 2004; Liebert et al. 2005; Bond et al. 2017 ) that has no observed circumstellar debris. Located only 2.64 ± 0.01 pc (van Leeuwen 2007) from our Solar System, this bright star is an excellent target to observe and model the submm-cm stellar emission of A-type stars. White et al. (2018a) presented long wavelength observations of Sirius A with the James Clerk Maxwell Telescope (JCMT), Submillimeter Array (SMA), and the NSF's Karl G. Jansky Very Large Array (VLA) and provided PHOENIX models (Hauschildt & Baron 1999) of its stellar photosphere. The models showed that an extrapolation of short wavelength data could not accurately describe the submm-cm emission of Sirius A, which has implications for similar types of debris-hosting stars such as Fomalhaut (White 2018) .
In this paper, we present follow-up observations of Sirius A. These data are part of an ongoing effort to characterize stellar atmospheres at submm-cm wavelengths through the MESAS Project (Measuring the Emission of Stellar Atmospheres at Submillimeter/centimeter wavelengths).
OBSERVATIONS
Previous long wavelength observations of Sirius A are summarized in White et al. (2018a) and are shown in Fig. 1 (black circles) . The new observations are detailed below.
ALMA
We observed Sirius A with the Atacama Large Millimeter Array (ALMA) during Cycle 5 (ID 2017.1.00698.S, PI White). The observations in ALMA Bands 3, 4, and 5 were taken in 3 separate executions blocks (EBs) from January through August. The observations were centered on Sirius A using J2000 coordinates RA = 06 h 45 m 08.30 s and δ = −16
• 43 18.91 . Each band utilized an instrument configuration with a total bandwidth of 8 GHz split among 4 spectral windows (SPW). Each SPW has 128 × 15.625 MHz channels for a total bandwidth of 2 GHz. All of the data were reduced using the Common Astronomy Software Applications (CASA 5.4.0) pipeline (McMullin et al. 2007 ), which included water vapor radiometer (WVR) calibration; system temperature corrections; flux and bandpass calibration; and phase calibration.
The Band 5 observations were made on 2018 August 22 for 20.24 min (5.1 min on-source). This EB used a 43 antenna configuration with baselines ranging from 15 m to 457 m. The SPWs were centered at 196 GHz, 198 GHz, 208 GHz, and 210 GHz, giving an effective continuum frequency of 203 GHz (1.48 mm). The flux and bandpass were calibrated with quasar J0750+1231, the phase with J0648-1744, and the WVR with J0647-1605. The average precipitable water vapor (PWV) was 0.67 mm during the observations. These Band 5 data achieve a RMS sensitivity of 0.040 mJy beam −1 in the CLEANed image. The size of the resulting synthesized beam is 1.46 × 0.85 at a position angle of −75.4
• , corresponding to ∼ 3.1 au at the system distance of 2.64 pc.
The Band 4 observations were made on 2018 April 21 for 21.0 min (5.1 min on-source). This EB used a 43 antenna configuration with baselines ranging from 15 m to 500 m. The SPWs were centered at 143 GHz, 145 GHz, 155 GHz, and 157 GHz, giving an effective continuum frequency of 150 GHz (2.0 mm). The flux and bandpass were calibrated with quasar J0522-3627, the phase with J0654-1053, and the WVR with J0648-1744. The average PWV was 2.58 mm during the observations. These Band 4 data achieve a RMS sensitivity of 0.029 mJy beam −1 in the CLEANed image. The size of the resulting synthesized beam is 1.43 × 1.17 at a position angle of −89.5
• , corresponding to ∼ 3.4 au. The Band 3 observations were made on 2018 January 25 for 19.75 min (5.12 min on-source). This EB used a 43 antenna configuration with baselines ranging from 15 m to 1397 m. The SPWs were centered at 93 GHz, 95 GHz, 105 GHz, and 107 GHz, giving an effective continuum frequency of 100 GHz (3.0 mm). The flux and bandpass were calibrated with quasar J0522-3627, the phase with J0654-1053, and the WVR with J0653-0625.
The average PWV was 5.51 mm during the observations. These Band 3 data achieve a RMS sensitivity of 0.032 mJy beam −1 in the CLEANed image. The size of the resulting synthesized beam is 1.02 × 0.69 at a position angle of 68.2
• , corresponding to ∼ 2.3 au.
VLA
The data from the VLA were acquired in Semester 18A on 2018 September 07 and 2018 September 11 (ID 18A-328, PI White). The observations were centered on Sirius A using J2000 coordinates RA = 06 hr 45 min 08.30 sec and δ = −16
• 43 18.91 . The observations were taken in the D antenna configuration with 26 and 25 antennas, respectively, and had baselines ranging from 0.035 to 1.03 km.
The Scheduling Block (SB) for each observation was setup identically to the previous VLA observations of Sirius A (White et al. 2018a ) to observe 6.7 and 9.0 mm (45 and 33 GHz) as close to simultaneously as possible. The 33 GHz data used the Ka Band tuning setup with 4 × 2.048 GHz basebands and rest frequency centers of 28.976, 31.024, 34.976, and 37.024 GHz. This gives an effective frequency of 33 GHz (9.0 mm) for the Ka band. The 45 GHz data used the Q Band tuning setup with 4 × 2.048 GHz basebands and rest frequency centers of 41. 024, 43.072, 46.968, and 48.976 GHz. This gives an effective frequency of 45 GHz (6.7 mm) for the Q band. Quasar J0650-1637 was used for bandpass and gain calibration. Quasar 3C48 was used as a flux calibration source. Data were reduced using the CASA 5.4.0 pipeline, which included bandpass, flux, and phase calibrations.
The absolute flux calibration of the VLA at these wavelength is typically ∼ 5%. However, the flux calibrator, 3C48, was undergoing a flare at the time of the observations of Sirius A. This leads to a larger uncertainty 1 in the flux calibration solution and, after consultation with the HelpDesk, we adopt a flux calibration uncertainty of 20% for the VLA observations.
The data were imaged with a natural weighting and cleaned using CASA's CLEAN algorithm down to a threshold of 1/2 the RMS noise. The 2018 September 07 observations achieve a sensitivity of 0.022 mJy beam −1 and 0.015 mJy beam −1 for the 6.7 and 9.0 mm data, respectively. The size of the resulting synthesized beam is 3.24 × 1.16 (∼ 5.8 au) at a position angle of −17.5
• and 3.80 × 1.44 (∼ 6.9 au) at a position angle of −14.5
• , respectively. The 2018 September 11 observations achieve sensitivities of 0.028 mJy beam −1 and 0.014 mJy beam −1 , respectively. The size of the result-1 For a note on the VLA flux calibration uncertainty, see science.nrao.edu/facilities/vla/docs/manuals/oss/performance/fdscale. ing synthesized beam is 3.04 × 1.39 (∼ 5.9 au) at a position angle of −10.6
• and 3.81 × 1.99 (∼ 7.7 au) at a position angle of 3.0
• , respectively.
GBT
Sirius A was observed by MUSTANG2 on the Green Bank Telescope (GBT) on the nights of the 2018 February 01 and 2018 December 10. The MUSTANG2 instrument has a 75 GHz to 105 GHz bandpass (Dicker et al. 2014 ). The total on-source time was 104 min split roughly equally between nights. A 2.5 radius daisy scan pattern lasting 480 s was used. Every 3 scans, a secondary calibrator close to Sirius A (J0609-1542 in February and J0607-0834 in December) was observed with a similar but shorter scan. The secondary calibrator observations were used to track pointing offsets, check the focus, and obtain an absolute calibration. These secondary calibrator data were reduced using the same data pipeline and a scaling factor was applied for amplitude corrections. The same scaling factor, extrapolated between scans, was used on the Sirius A data.
At the beginning and end of the night a collection of ALMA flux calibrators (J0423-0120, J1058+0133, J0750+1231 and J0510+1800) and the planet Uranus were also observed. At least 3 independent back-to-back observations of one of these sources and our secondary calibrators were made each night. Opacity corrections were made using τ as estimated from atmospheric models and archival weather data. Taking into account the variability of the opacity, errors in the Gaussian fits to the sources, errors in measurements, errors in the ALMA fluxes, and errors resulting in the extrapolation of these fluxes into the MUSTANG2 band (see Sec. 3) we measured J0609-1542 to be 1.54 ± 0.1 Jy (February 02) and J0607-0834 to be 2.15 ± 0.06 Jy (December 10).
VISIBILITY MODEL FITTING
Sirius A is effectively a point source (0.00602 ) when considering the size ALMA and the VLA's synthesized beams and the resolution of GBT. Therefore, in order to accurately model the flux from the interferometric observations, we model Sirius A as a point source. As in White et al. (2018a) , we use the CASA task uvmodelfit to obtain a flux at each wavelength. This approach fits a point source to the visibilities of a given data set. A minimum χ 2 is converged on through an iterative procedure. The ALMA observations achieved a high signal-to-noise ratio in each band (> 50) allowing for an accurate model fitting in each of the 4 SPWs in Bands 3-5. The results of the model fitting are summarized in Table 1 .
To model Sirius A's flux from the GBT observations, we generated a map of all the GBT data and fit a Gaussian at the location of Sirius A. This yields a total flux of 0.90 ± 0.11 mJy. The uncertainty is derived from the fit and calibrations uncertainties added in quadrature. For confirmation, fake sources of known amplitude were added to the raw timestreams and were recovered with high accuracy. Independent fits of each of the two nights data gave results consistent with no source variability to within the uncertainties.
The flux uncertainties in Table 1 include the absolute flux calibration the σ RM S added in quadrature. For ALMA, we adopt an absolute flux calibration uncertainty of 10% and for VLA 20% (see Sec. 2.2).
DISCUSSION
The data presented here, in conjunction with the results from White et al. (2018a) , provide the first reliable submm-cm flux estimates of an A-type main-sequence star.
Sirius A's white dwarf companion, Sirius B, was not detected in any of the observations. As it has no detectable IR excess (Skemer & Close 2011) , the expected flux of Sirius B can be calculated using the effective temperature of T ef f = 25369 K and radius of 0.008098 R (Bond et al. 2017 ). The flux is less than the σ RM S for all our observations except for the 1.48 mm ALMA observations, where the expected emission is roughly the same as the noise. Sirius B was not present in any of the deconvolved images. In addition, the orbital parameters of Sirius B (Bond et al. 2017 ) and the ∼ 50 yr period have it nearing aphelion with a radial separation of ∼ 6 . While this separation will be within the FOV of all the facilities used, the resolution of all the interferometic observations is sufficient to spatially separate the emission from the two stars. The resolution of the GBT is not adequate to separate the two stars, but the expected emission of Sirius B is much lower than the sensitivity of the observations.
In Fig. 1 , we include the LTE atmosphere model of Sirius A from White et al. (2018a) . This model generates a synthetic spectra of Sirius A's photosphere from a spherical 1D PHOENIX code (version 17.1; see Hauschildt & Baron 2010 , for an earlier code version). This modeling procedure adopted a similar approach as Husser et al. (2013) , and updated it to converge 192 atom/ion species with 37,419 levels in statistical equilibrium and 1,283,018 total spectral lines (see White et al. 2018a , for a detailed overview of the LTE and non-LTE PHOENIX models of Sirius A).
Our first observations of Sirius A were with the SMA in January 2017 (White et al. 2018a ) and our most recent were with GBT in December 2018. All of the data over this ∼2 yr period are largely consistent with the PHOENIX LTE atmosphere model (Fig. 1) . This stability in the emission indicates that there is likely no variability in Sirius A's long wavelength emission on at least a two year cycle at the level of the flux calibration accuracy (i.e., the 20% level). Indeed, we can not exclude the possibility of short-lived mm flares (e.g., Furuya et al. 2003; Salter et al. 2010; MacGregor et al. 2018) . However, such stellar activity is not expected for main sequence A-type stars. As variability has been seen at long wavelengths for Herbig Ae/Be type stars (e.g., at 9.0 mm in HD141569; White et al. 2017b) , long term monitoring of Sirius A's emission is required to conclusively determine its activity cycle, should one exist.
The submm-cm spectrum of Sirius A can be used as a template for other A-type stars. To approximate the flux of Sirius A within the wavelength range of our JCMT to VLA observations (i.e., 0.45 − 9.0 mm) we fit a power law to the observed brightness temperature spectrum of the form:
where C 0 is a constant, T phot is the optical photosphere temperature, λ is the wavelength in mm, and α is the Temperature spectral index. Using a nonlinear least squares model fitting procedure with the Python SciPy function curve fit, we find best fit values of C 0 = 0.67±0.03 and α = 0.05±0.02. This approach has the benefit of predicting the stellar flux for any A-type star similar to Sirius A based only on a few parameters: the optical photosphere temperature (T phot ), stellar radius (R * ), and distance (d). The submm-cm flux, F * , can then be estimated by assuming the stellar emission is in the Rayleigh-Jeans limit and substituting T obs for T B :
where A 0 ∼ 5.6 × 10 9 is a collection of all the numerical coefficients and constants, and λ is the wavelength in mm. In the absence of observational data, the 0.45 − 9.0 mm flux of an early main sequence A-type star can be approximated by Eqn. 2.
When studying unresolved circumstellar debris, a model of the stellar emission is required to accurately assess the amount of stellar excess. Since debris disks are most commonly found around A-type stars, Eqn. 2 can be used in determining how much excess emission is present in the submm-cm. For example, Fomalhaut is a main sequence A3V star and is very similar to Sirius A. In addition to Fomalhaut's well resolved outer debris ring, IR observations of the system are consistent with a secondary inner asteroid belt (e.g., Acke et al. 2012 Table 1 . Summary of observations and best fit flux values of Sirius A. The GBT flux value is from fitting a Gaussian to the map. The ALMA and VLA flux values were calculated using CASA's uvmodelfit. The flux uncertainties are the σRMS of the images and the absolute flux calibration uncertainties added in quadrature. For ALMA, a 10% flux calibration uncertainty is used and for the VLA a 20% flux calibration uncertainty is used for the VLA data. The uncertainties from uvmodelfit are not quoted as they can be underestimated up to a factor of χ did not, however, detect the central debris disk and observed a flux of 1.79 mJy and 0.88 mJy, respectively (Su et al. 2016; White et al. 2017a ). Plugging in a stellar radius of 1.84 R (Mamajek 2012 ), a distance of 7.7 pc (van Leeuwen 2007) , and a photosphere temperature of 8650 K (Acke et al. 2012) to Eqn. 2 yields a predicted flux of 1.88 mJy and 0.84 mJy for the 2 ALMA wavelengths, respectively. The absolute flux calibration uncertainty of ALMA at these wavelengths is ∼ 10%, meaning that the observed flux is consistent with stellar emission alone. White (2018) find through SED modeling that the presence of stellar excess at IR wavelengths and lack of excess at ∼mm wavelengths could be consistent with an inner disk that is only populated by small grains that have migrated inwards from the outer debris belt through, e.g., Poynting-Robertson drag. While the spectral profile of Sirius A may be a good match for debris systems such as Fomalhaut, Sirius A can not necessarily be used as a template for all A-type stars, as a given star could deviate significantly from Sirius A's profile. Altair is a main sequence A star, but is a rapid rotator with a period of ∼ 9 hours (Peterson et al. 2006; Monnier et al. 2007 ). This rotation could potentially generate magnetic activity around the stellar equator, and indeed NOEMA observations from 0.87 − 3.0 mm have indicated Altair has a remarkably different and more Solar-like T B spectrum (White et al. in prep) .
Therefore, a full catalog of stellar spectra that extend to cm wavelengths is necessary to accurately study unresolved debris features. Currently, the available data of debris-poor stars is largely limited by the long integration times required to obtain a useful SNR. Proposed future facilities such as the next generation Very Large Array (ngVLA) will be a valuable to tool in extending the stellar models to >cm wavelengths (White et al. 2018b ).
SUMMARY
In this paper, we presented new ALMA and GBT observations of Sirius A at 1.43 − 3.33 mm and follow-up VLA observations at 6.7 mm and 9.0 mm. The newly acquired data are in good agreement with previous observations and PHOENIX models of the Sirius A's stellar atmosphere. Since these observations show no significant variability in the millimeter to centimeter emission from Sirius A over the two years that our observations sample, we can conclude that the emission is likely constant (within the 20% calibration uncertainties). These Figure 1 . Submm-cm observations of Sirius A. The two orange curves represent models of the Sun at maximum activity (solid line) and minimum activity (dashed line) from Loukitcheva et al. (2004) . A Solar-like spectrum is not expected for A-type stars and is only included for illustrative purposes. The observations of Sirius A from White et al. (2018a) are denoted as black circles. The newly presented ALMA, GBT, and VLA observations of Sirius A are denoted as red squares. The two black curves are PHOENIX models of Sirius A's atmosphere with a LTE model (dashed black line) as presented in White et al. (2018a) . data can be used as a long wavelength template of stellar emission for A-type stars, which is necessary to accurately study unresolved circumstellar material such as exozodiacal dust and debris disks. These results are part of an ongoing observational campaign entitled MESAS. This paper makes use of the following ALMA data: ADS/JAO.ALMA#2017.1.00698.S. ALMA is a partnership of ESO (representing its member states), NSF (USA) and NINS (Japan), together with NRC (Canada), MOST and ASIAA (Taiwan), and KASI (Republic of Korea), in cooperation with the Republic of Chile. The Joint ALMA Observatory is operated by ESO, AUI/NRAO and NAOJ. The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc.
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